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Mullite and mullite/ZrO2 bi-layer systems are being considered as environment barrier coatings (EBCs) for 
protection of Si-based (Si3N4, SiC) substrates against water vapor corrosion for application in forthcoming turbine 
engines. An approach to reduce the thermal expansion mismatch between mullite and ZrO2 layers in those 
coatings would be to tailor intermediate mullite/Y-ZrO2 composite layers. The feasibility of these composite layers is 
studied in a comparative manner by plasma spraying both single mullite and bi-layer coatings of mullite and of 
mullite/ Y-ZrO2 (75/25 vol %.) over Hexoloy SiC substrates. All feedstock materials are equally prepared using 
spray drying methods as the mix powders are not commercially available. Singular spraying conditions are used to 
assure enhanced crystallization of the mullite phase. Coatings are aged for 100 h at 1300 ºC in a controlled water 
vapor environment. The effect of water corrosion on the exposed coatings is comparatively investigated, 
determining changes in crystalline phase by X- ray diffraction (XRD), the crystallization of amorphous phases is 
highlighted by the use of differential thermal analysis (DTA) tools and the microstructure of the polished coatings is 
analyzed by scanning electron microscopy (SEM). 
 
1 Introduction 
 
Various single layer and multilayer environment 
barrier coatings (EBCs) have been developed to 
protect Si-based ceramic (Si3N4, SiC) components 
against water vapor and high temperatures. In 
particular, Mullite coatings are being considered as 
transitional protective layers of EBCs for the next 
generation of gas turbine engines [1,2] because of its 
low density, low thermal conductivity, stability in 
oxidizing environment, and close thermal expansion 
coefficient to those of non-oxide ceramics [1,3]. 
Plasma spray is often used to deposit EBCs those 
substrates, though commonly significant amount of 
amorphous phase develops, which may spall-off after 
thermal exposure owing to mullite crystallization [4,5]. 
Then, efforts have been put in reducing the presence 
of amorphous phases in the coatings by rising 
substrate temperatures during thermal spraying, thus 
generally enhancing their mechanical integrity. Lee et 
al. [6] reported fully crystalline mullite coatings by 
heating the substrate above the crystallization 
temperature (1000ºC) in a furnace during the thermal 
spray, although even fully crystalline mullite coatings 
exhibited silica volatilization under water steam 
atmospheres [6,7]. To improve the lifetime of the 
ceramic component [8], a ZrO2-7-8wt% Y2O3 (YSZ) 
layer was plasma sprayed as a top coat on the mullite 
layer, but the large thermal expansion mismatch 
between YSZ and mullite layers caused the failure of 
the system.  
 
Intermediate mullite/YSZ composite layers are 
proposed to reduce the problems associated to 
differences in coefficients of thermal expansion (CTE). 
Because these mix compositions are not 
commercially available, sprayable mullite and 
mullite/Y-ZrO2 powders were first produced and 
subsequently plasma sprayed over Hexoloy SiC 
substrates following an specific procedure to get 
crystalline mullite and mullite –mullite/Y-ZrO2 (75/25 
vol%) bi-layer coatings.  
A selection of plasma sprayed mono and bi-layer 
coatings were subjected to water vapor corrosion test  
at of 1300ºC, which is a temperature in the high 
working condition. After 100 h of exposure, the 
changes in both coatings were comparatively studied 
and related to the corresponding as-sprayed coatings 
as well. 
 
2 Experimental 
 
Mullite (3Al2O3·2SiO2) powders (Baikalox SASM, 
Baikowski Chemie, Annecy, France) with a purity of 
99.95 % and an average particle size of 1.3 µm and  
Y-ZrO2, that is zirconia powders stabilized with 7 wt % 
Y2O3 (TZ4Y, Tosoh, Tokyo, Japan), with a reported 
purity of 99.95 % and an average particle size of 0.3 
µm, were used as starting materials. Suspensions 
with 30 wt. % of solid content of both mullite and 
mullite/Y-ZrO2 of composition 75/25 (v/v) were 
prepared and spray dried to get free flowing granules 
[9] that were used as feedstock powders, labeled as 
(M100) and (M75), respectively.  
 
Powders were air plasma sprayed (APS) with an Axial 
III plasma torch (Northwest Mettech, North 
Vancouver, BC, Canada) on 5 cm x 5cm SiC 
substrates (Hexoloy SA, Saint-Gobain, Worcester, 
MA, USA). M100 feedstock was sprayed directly over 
the SiC substrates and in half of the substrates a top 
layer of the M75 powder was sprayed. The 
temperature (T) and velocity (V) of the particles were 
controlled in-flight with diagnostic system DPV-2000 
(Tecnar Automation, St-Bruno, QC, Canada). The 
substrate temperature was continuously monitored to 
assure a convenient crystallization of the mullite 
phase in both types of coatings. Specimens were cut 
(2.5 cm x 2.5 cm) using metal bond diamond blades 
for subsequent ageing test and for characterization 
studies. Cross-section of the coating were also 
polished using diamond polishing compounds. As 
sprayed coatings were aged for 100 h at 1300ºC, in a 
H2O vapour environment (90%H2O/10%air), using an 
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based on a high-temperature tube furnace (STT-
1700-2.0-18, SentroTech, Berea, OH, USA). 
The microstructure of the as sprayed and aged 
coatings was viewed with the scanning electron 
microscope (SEM) (DMS-950 Carl-Zeiss, Germany) 
and X-ray energy dispersive spectroscopy (EDS). X-
ray diffraction analyses (XRD) were performed on the 
coating surface using a Xpert PRO diffractometer  
(PANalytical, Netherlands) with a θ/2θ configuration, 
in the 10-70° 2θ range, with a step of 0.0165º, a time 
per step of 50 s and 15 r.p.m of sample spinning. The 
differential thermal analysis (DTA) was performed, on 
freestanding coatings, with a Simultaneous Thermal 
Analyzer of Netzch, model 409 (Germany), at a 
heating rate of 10 ºC/min, using an alumina standard. 
 
3 Results and Discussion 
 
In Fig. 1 are shown cross-sectional SEM micrographs 
of as-sprayed coatings, where the M100 coating 
typically shows a thickness of 150 µm and the bilayer 
M100-M75 of about 250 µm. Scarce and isolated 
pores and good adhesion of coatings to the substrate 
are general features of the coating, although in the 
M100/M75 bi-layer coatings, cracks are occasionally 
detected at the mullite-SiC interface. The presence of 
through-thickness regularly spaced cracks it is also 
evident for both coatings. These cracks can be related 
with thermal mismatches and differential shrinkage 
between coatings and substrate. These vertical 
cracks can be a preferential path for the hot gases to 
reach the substrate, although at high temperatures 
they may partially close. On the other hand, they can 
provide strain tolerance during under cycling 
operation [10].  
 
 
Fig. 1. As sprayed coatings of M100 (a) and M100/ 
M75 (b) compositions. 
The aged samples did not present remarkable 
macroscopic differences with the as sprayed samples 
except for a slight increased aperture of the vertical 
cracks. At higher magnification, the M100 aged 
coating resembles the as sprayed one with the only 
difference of some small increase in porosity. 
Conversely, the aged M100/M75 bi-layer coating 
presents some differences with the as sprayed in the 
M75 top layer. The as-sprayed M75 layer (Fig. 2 a) 
displays a continuous grey contrast phase spotted 
with small bright areas, rich in ZrO2, according to 
energy dispersive spectroscopy (EDS) analysis. The 
morphology of the M75 coating changed after the 
thermal aging, as can be seen in Fig. 2b. Extensive 
homogenous nucleation of ZrO2 following the splats 
pattern is now revealed.  
 
 
 
Fig. 2. SEM detail of as sprayed (a) and aged (b) M75 
layer on M100/M75 bilayer coatings. 
 
More differences are detected between the aged and 
original coatings by taking a closer look at the 
interface with the SiC substrate. A thin interphase in 
close contact to the SiC susbstrate is observed for 
both coatings, which thickness is ~ 3 µm in the case 
of M100 coating and ~ 1 µm in the M100/M75 bi-layer. 
EDS point analysis at different locations gave 
compositions between 70-90 wt% of SiO2. This is a 
thermally grown oxide (TGO) layer as result of the 
oxidation at high temperature of the SiC substrate 
[11]. The thinner TGO layer for the M100-M75 coating 
is most probalby due to its higher coating thickness. 
Within the TGO layer the presence of small vertical 
cracks is also noticed (Fig. 3a).  
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Fig. 3. SEM detail of the interface with the SiC 
substrate in M100 (a) and M100/M75 (b) aged 
coatings. 
 
Fig 4 shows the XRD patterns of the M100 coating 
before and after ageing. The main phase in the M100 
as sprayed coating  is mullite but peaks of α-Al2O3 
and γ-Al2O3, are also detected 
 
 
 
Fig. 4. XRD patterns of M100 as sprayed (bottom) 
and M100 aged (top) coatings. 
 
In the M100 aged sample, mullite as major phase 
together with α-Al2O3 and traces of cristobalite are  
detected. These cristoballite and α-Al2O3 phases 
should be related to the decomposition of mullite in 
the water vapor environment. Cristobalite phase 
probably re-crystallizes from the silicon hydroxides 
resulting from that decomposition [5,7]. In the ageing 
process, some of γ-Al2O3 detected in the as sprayed 
coating could also transform into α- Al2O3. 
 
In Fig 5 the XRD patterns of as sprayed and aged 
M100/M75 (recorded on the M75 top surface) are 
depicted. Tetragonal ZrO2 (t- ZrO2) is the main 
crystalline phase in the as sprayed coating  whereas 
Mullite and γ-Al2O3 peaks are hardly detected. 
 
 
 
Fig. 5. XRD patterns of the as sprayed (bottom) and 
aged (top) M100/M75 bi-layer coating system. ... 
 
After ageing, the intensity of the t-ZrO2 is increased 
and its width reduced, which indicates an augment of 
the ZrO2 crystallite size, in agreement with the 
microstructure observations (Fig. 2b). Furthermore, 
the diffraction peaks of mullite are also more intense 
in the case of the heat treated coating and some α-
Al2O3 is also found. No noticeable cristoballite peak is 
detected, which is maybe a sign of a higher stability of 
this composite coating in water vapor atmospheres at 
high temperature. Therefore, it seems that the as-
sprayed composite coating showed a lower degree of 
crystallization and after ageing, an  enhanced 
crystallization is noticed that do not provoke any 
additional cracking in the coatings.  
 
The differential thermal analysis of freestanding as 
sprayed and aged M100 coatings did not show any 
endothermic or exothermic event that could indicate a 
crystallization process, supporting the fact the coating 
was fully crystallized during spraying. Same spraying 
parameters were not that effective for the bi-layer 
M100/M75 coating. In fact, DTA thermographs (Fig 6) 
of this coating before and after aging test reveal the 
occurrence of two exothermic peaks, at 1000ºC and 
1270ºC, due to crystallization phenomena occurring in 
mullite within the M75 [12-14]. The DTA curve of the 
M75 aged coating does not show any thermal event 
which confirms that after ageing at 1300ºC, the 
coating is fully crystallized as XRD analysis also 
indicates. 
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Fig. 6. Differential thermal analysis curves (a detail) of 
freestanding M75 as spray (top) and aged (bottom) 
coatings (↑Exo.,↓Endo.) 
 
4 Conclusions 
 
Plasma spraying of mullite and mullite/Y-ZrO2 
composite powders using adequate spray parameters 
produces fully crystalline coatings. Although single 
mullite and bi-layer mullite/mullite-ZrO2 coatings show 
the presence of vertical cracks, they show good 
adherence to the SiC substrate.  
  
Thermal aging at high temperature under water vapor 
environments produces the appearance of small 
amount of α-Al2O3 and cristobalite in the mullite 
coating. In the bi-layer coating, the ageing produced a 
full crystallization of the mullite/Y-ZrO2 top coat, which 
did not cause adtional cracking of the specimens.The 
ageing caused the formation of a TGO layer bwteen 
the SiC substrate and the mullite that was mainly 
SiO2, this layer varied from 1 to 3 µm depending of the 
coating thickness.  
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